Studies on microbial characterization of cold-smoked salmon and salmon trout during cold storage were performed on samples available in the Portuguese market. Samples were also classified microbiologically according to guidelines for ready-to-eat (RTE) products. Further investigations on sample variability and microbial abilities to produce tyramine and histamine were also performed. The coefficient of variation for viable counts of different groups of microorganisms of samples collected at retail market point was high in the first 2 wk of storage, mainly in the Enterobacteriaceae group and aerobic plate count (APC), suggesting that microbiological characteristics of samples were different in numbers, even within the same batch from the same producer. This variation seemed to be decreased when storage and temperature were controlled under lab conditions. The numbers of Enterobacteriaceae were influenced by storage temperature, as indicated by low microbial numbers in samples from controlled refrigeration. Lactic acid bacteria (LAB) and Enterobacteriaceae were predominant in commercial products, a significant percentage of which were tyramine and less histamine producers. These results might be influenced by (1) the technological processes in the early stages of production, (2) contamination during the smoking process, and (3) conditions and temperature fluctuations during cold storage at retail market point of sale.
Seafood-borne diseases are a major concern of consumers, producers, and authorities and may be produced by a variety of agents, including aquatic toxins, biogenic amines, bacteria, viruses and parasites (Gram & Huss, 2000; Iwamoto et al., 2011) . The growing consumer interest in food quality and nutritional issues, have contributed to the increase of consumption of fish and fish products. Risk perception studies showed that individuals may underestimate significant risks while overestimating others, lowering their perceived risk but not the actual risk. Despite the potentially high biological activity of many biogenic amines and their occurrence in several foods, these substances may be significantly underestimated (Burger et al., 1993; Burger, 1998; Kramer and Scott, 2004; Fatimah et al., 2011) . High levels of biogenic amines may be formed before foods appear spoiled or organoleptically unacceptable. Biogenic amines are formed in foods as a result of microbial action during storage, usually formed during decomposition or spoilage processes involving formation of free amino acids through proteolysis, together with bacterial production and action of amino acids decarboxylases (Ten Brink et al., 1990; Shalaby, 1996; Kuley et al., 2011) . Biogenic amines are toxic substances and are attributed with producing diseases in humans and animals, especially with respect to histamine and tyramine (Til et al., 1997; European Food Safety Authority [EFSA], 2011). In addition, some amines may be nitrosated or act as precursors for other compounds capable of forming nitrosamines, which are carcinogenic to various animals and a potential hazard for humans (Shalaby, 1996) .
Cold-smoked fish products have received attention in terms of chemical and microbiological safety, from studies on detection and quantification of pathogenic microorganisms such as Listeria monocytogenes using technological strategies to ensure quality and safety (Vaz-Velho et al., 2005 Calo-Mata et al., 2008; Vermeulen et al., 2011; Todorov et al., 2012) to investigations on spoilage characterization examining the presence of biogenic amines (Jørgensen et al., 2000a; Joffraud et al., 2001; Chytiri et al., 2004; Dalgaard et al., 2008; Fadhlaoui-Zid et al., 2012) . Identification of the spoilage microflora and biogenic amine production of single and cocultures growing in cold-smoked salmon was also studied by Jorgensen et al. (2000b) , and these have been used as chemical indicators of seafood quality (Jørgensen et al., 2000a; Ozogul and Ozogul, 2006; Fadhlaoui-Zid et al., 2012) .
Strains of Enterobacteriaceae and lactic acid bacteria (LAB) are the predominant microflora associated with cold-smoked fish and identified as active amine producers (Leroi et al., 2000; Jorgensen et al., 2000a; Silva et al., 2002) . Jørgensen et al. (2000a) found Photobacterium phosphoreum to be primarily responsible for the production of biogenic amines in vacuumpacked cold-smoked salmon, where agmatine (160-220 mg/kg), cadaverine (260-470 mg /kg), histamine (100-220 mg/kg) and tyramine (50-130 mg/kg) were formed at 5
• C. In the Portuguese commercial market the majority of the vacuum-packed cold-smoked salmon originate from other European countries. The differences in origins of raw material and European producers make shelf lives quite different. In Portugal the production of cold-smoked fish is almost associated with cold-smoked salmon (Salmo salar) and salmontrout (Oncorhynchus mykiss), with the latter raw material being produced in the north of Portugal. However, little information is available on microbial characterization of cold-smoked fish products available in the Portuguese market, their microbial variability, and their influence on biogenic amines production. This information is important due to their potential impacts on human health and food quality. The main objective of this study was to determine microbial characterization and quality of cold-smoked fish products available in the Portuguese market, and their potential to produce biogenic amines. Characterization of the microbiological profile during storage and at the end of shelf life, and studies on batch variability, levels of microbial hygiene indicators, and the related microbial quality were performed based upon European guidelines for commercial vacuum-packed cold-smoked salmon available on the market. The potential of bacterial isolates to produce biogenic amines was also examined.
MATERIALS AND METHODS

Smoked Fish Samples
Fish samples were obtained from Portuguese retail market (experiment I and experiment II) and for experiment III, directly from Portuguese producers at the end of production day. Cold-smoked salmon (Salmo salar) and cold-smoked salmon-trout (Oncorhinchus mykssis) were stored under refrigerated conditions (5 • C). Samples analyzed were sliced fish fillets stored under vacuum packing. In each experiment, all samples were microbiologically analyzed every week, until the expiry date (experiment I) and during 4 wk of storage (experiments II and III).
Microbiological Analysis
From each pack, 30 g of cold-smoked fish was taken aseptically (10 g + 10 g + 10 g, from 3 different parts of the sample) and homogenized for 90 s in a stomacher (Seward 400). Ten grams of the mixture was aseptically taken and decimally diluted in sterile Maximum Recovery Diluent (CM 733; Oxoid) and homogenized for 20 s. Aerobic plate counts were performed on spread plates of Long and Hammer's medium (LH) (Van Spreekens, 1974) with additional 1% w/v NaCl, incubated at 15
• C for 5-7 d. Counts of lactic acid bacteria (LAB) were obtained from pour plates of NAP medium, pH 6.7 (Davidson & Cronin, 1973) , incubated anaerobically (Anaerocult A, Merck) at 21
• Cfor 5d. Enterobacteriaceae counts were obtained from pour plates of 5 ml tryptone soya agar (TSA), and after 2-h resuscitation of damaged cells at 20-25
• C plates were overlaid with 12-15 ml of violet red bile glucose agar (VRBGA). Typical Enterobacteriaceae colonies were counted after 2 d of incubation at 30
• C. To assess the selectivity of the different media, representative colonies were selected from plates and the following tests were performed: cell morphology, gram stain, and catalase and oxidase tests.
Bacterial Isolates
Representative colonies that grew on Long and Hammer's plates were selected and maintained on nutrient agar slants and stored at 5
• C. Identification of the LAB group was based on the gram reaction, absence of catalase and cytochrome oxidase, and fermentative catabolism of glucose. For selected strains, API 20E (BioMérieux) and API 50CHL (BioMérieux) were used for identification of gram-negative strains and LAB, respectively.
Determination of Decarboxylase Capability
Thirty-two gram-negative and 22 strains that were included in the LAB group were selected to investigate the decarboxylating ability. The medium used to detect decarboxylating strains was prepared as described by Niven et al. (1981) and Silva et al. (2002) . Strains were prepared for testing by subculturing in nutrient broth (NB) (Lab M) supplemented with 0.4% (w/v) each of the amino acids histidine and tyrosine, and incubated at 25
• C for 48 h. A portion of each culture was spread on the decarboxylation agars, which were then incubated anaerobically (Anaerocult A, Merck) at 25 or 5
• C for 48 h and 10 d, respectively. A purple halo was interpreted as positive for amine production. All strains were tested twice on separate occasions.
Examination of Proteolytic and Lipolytic Activity
Milk agar (10%) (Sigma-Aldrich) and tributyrin agar (Merck) were used to select bacteria that have proteolytic and lipolytic activity, respectively. The positive reaction was interpreted by a presence of a translucent halo surrounding the colonies.
RESULTS
Products and Storage Characteristics
The cold-smoked fish samples were in general exposed in the market at 5 ± 1
• C in a commercial refrigerator open to consumers. The shelf life of the samples varied from 2 to 6 wk and, with the exception of one sample that was from Scotland, all others were from Norway ( Table 1 ). Samples that originated directly from Portuguese smokehouses were stored at 4 ± 1
• C. It was observed that one Portuguese smokehouse introduced a previous step of rapid freezing at -20 • C after production, to improve the slicing process, and before chill commercialization. None of the samples showed any visual changes at the moment of collection.
Microbial Numbers and Characteristics
The microbiological characteristics of coldsmoked salmon samples from different producers and countries available on the Portuguese market are shown in Table 1 . In general, microbial numbers increased during storage, with the exception of numbers of Enterobacteriaceae, which showed low initial numbers, with the exception of producer B (sample in the first week of storage) and producer M (sample at The numbers are average of duplicate counts in cfu/g of fish of APC (aerobic plate count), LAB (lactic acid bacteria), and Enterobacteriaceae. * *
Based on microbiological quality guide for ready-to-eat foods, a guide to interpreting microbiological results (Food Standards Australia New Zealand, 2009 ) and on guidelines for assessing the microbiological safety of ready-to-eat foods placed on the market (Health Protection Agency, 2009).
and based on "Quality Guide for Ready-to-Eat Foods, A Guide to Interpreting Microbiological Results" (references for APC: good, <10 6 ; acceptable, <10 7 and ≥10 6 ; unsatisfactory, ≥10 7 ; references for Enterobacteriaceae group: good, <10 2 ; acceptable, ≥10 2 and <10 4 ; unsatisfactory, ≥10 4 ) (Food Standards Australia New Zealand, 2009 ), the results of microbial quality revealed one sample as "unsatisfactory," two samples "acceptable," and three samples classified as "good" (Table 1) . A numerical increase of pH occurred in all samples during storage. In order to understand the variability of the microbial quality of cold-smoked fish products available on the Portuguese market (within the same producer and batch and between different producers), characterization of samples was performed. Data are shown in Table 2 . Generically for the first 2 wk of storage, the coefficient of variation (CoV) of samples is high, mainly for the Enterobacteriaceae group and less for other groups of microorganisms ( Table 2 ). The presented findings are an average of the group of samples in each week of sampling, for determination of the CoV, and consequently did not differentiate microbiological quality of samples within the same group. Although not shown in Table 2 , some samples were beyond the limit of acceptance criteria for microbiological quality, even before the expiry date, based on the "Guidelines" (Food Standards Australia New Zealand, 2009 ; Health Protection Agency [HPA], 2009): Plant F, wk 2 (APC: 6.52 ± 1.31 CFU/g; Enterobacteriaceae: 2.11 ± 2.07 CFU/g), Plant F, wk 2 (APC: 7.48 ± 0.00 CFU/g; Enterobacteriaceae: 5.30 ± 0.37 CFU/g), and Plant Sp, wk 1 (Enterobacteriaceae: 4.68 ± 0.64 CFU/g). The analysis of cold-smoked salmon collected directly at the end of production in Portuguese smokeries and cold-stored for 4 wk under lab-controlled time and temperature storage conditions is presented in Table 3 .The CoV of these particular samples was lower compared to data in Table 2 . In addition, the numbers of Enterobacteriaceae were considerably reduced in products from Portuguese plants S and M, compared to the other plants. Even though the CoV were in some cases higher than 20%, in general these values were essentially related to samples at the same storage period (first 2 wk).
Biogenic Amines Production by Bacteria
Bacterial strains were selected based on predominant colonies on agar plates from different storage times and from different producers. Tables 4 and 5 identified the amines producer bacteria, revealing positive reactions to tyramine and histamine based on appearance of a purple color around the colonies. Further identification to the genus and/or species level and its proteolytic and lipolytic activities are also shown. The results indicated a low percent of bacterial strains that displayed proteolytic activity (less than 5% and less than 13% for bacteria that were gram-positive and gramnegative, respectively). Higher percentages for lipolytic activity were observed (31% and 19% for bacteria that were gram-positive and gramnegative, respectively).
Overall, data indicated that the number of tyramine producers was higher than the number of histamine producers. At 25
• C, gram-negative strains showed positive reactions for histamine and tyramine production, 40.6% (13/32) and 68.8% (22/32), respectively. At lower temperatures (5 • C), these values decreased to 31.3% (10/32) and 37.5% (12/32), respectively. Bacteria responsible for this were identified as Serratia liquefaciens/S. marcescens and Enterobacter spp. For grampositive strains, the findings at 25
• C displayed percentages of 21% (4/19) and 47.4% (9/19) for histamine and tyramine production, respectively. At 5
• C, only tyramine-producing strains were detected (16.7%; 3/18).
DISCUSSION
Commercial cold-smoked salmon and salmon-trout are the major smoked fish products available on the Portuguese market. In the last few years several studies have focused on characterization of microbiological patterns nd: Not determined; (+) and (-): positive and negative reaction, respectively, on decarboxylation agar (Niven et al., 1981) , on milk agar and on trybutirin agar; wg: weak growth.
and spoilage processes, and on control of pathogenic bacteria, such as L. monocytogenes, in cold-smoked fish. EFSA (2011) indicated that the "safety of consumers" was dependent not only on the presence of this pathogen but also on levels of the biogenic amines tyramine and histamine produced by decarboxylation of amino acid precursors. Thus, evaluation of the presence of these biogenic amines in coldsmoked fish products and identification of the biogenic amino producer's bacteria are of concern for public health, consumers, and producers. In fact, it is known that microbial activity is responsible for spoilage and quality deterioration of these products, and as the presence of biogenic amines is dependent on the composition of the microflora, it is important to ascertain the sources of this microflora, including poor hygiene practices, preservation and technological procedures, and storage conditions (Food and Drug Administration [FDA], 2004; EFSA, 2011; Fadhlaoui-Zid et al., 2012) . In this study, the CoV of the samples indicated that the microbial quality was not homogeneous within a batch, and at the expiry date samples showed different levels of contamination. Several technological factors, such as salting and smoking procedures, and packaging conditions, in combination with storage temperatures and hygiene procedures, exert a direct influence on microbial characteristics and microbial growth (Leroi et al., 2000; Cid et al., 2008; EFSA, 2011; Zhai et al., 2012) . Data indicated that the storage and temperature conditions influenced microbial growth, a fact easily observed when comparing samples stored in controlled temperature conditions in the lab that present low CoV compared to the ones stored in retail market conditions. In this study, LAB and Enterobacteriaceae were the predominant groups present in commercial vacuumpacked cold-smoked fish, and this is in agreement with other previous studies (Leisner et al., 1994; Hansen, 1995; Jorgensen et al., 2000b) . However, some differences in the behavior of LAB and Enterobacteriaceae in products were observed among the different producers. The results demonstrated that the CoV of samples decreased with storage time (Tables 2 and 3) .
Further, the CoV of samples was higher for Enterobacteriaceae and aerobic plate count, especially in the first week of storage, with values also declining correlated to further storage time. Data suggest that the determinant factors influencing microbial characteristics, such as raw material quality and technological process (salting and cold-smoking), in combination with good manufacturing practices, exert major influences on the quality attributes of the final product. However, storage temperature fluctuations, which may occur at distribution and retail points, also exert a considerable influence. These results are in agreement with Dondero et al. (2004) , who demonstrated that the quality and shelf life of cold-smoked salmon was a function of storage temperature control. The findings also showed that a significant number of bacteria present on commercial Portuguese cold-smoked salmon produce tyramine and histamine, dependent on the producer and week of storage. The presence of high levels of LAB and Enterobacteriaceae in products may be associated with the presence of biogenic amine-producing bacteria, since some species of these groups are indicated as biogenic amines producers (Jorgensen et al., 2000b; Cid et al., 2008; Curiel et al., 2011; Bunka et al., 2013) . Most of these Enterobacteriaceae belong to the genera Serratia and Enterobacter, the most frequently isolated from cold-smoked salmon (Hansen and Huss, 1995; Jorgensen et al., 2000a; Silva et al., 2002) . The higher LAB counts generally present in these products, in conjunction with Enterobacteriaceae (or other spoilage microorganisms e.g. Photobacterium phosphoreum), seem to be a general occurrence. Hansen (1995) indicated that producers need to pay special attention to the inclusion of a contaminating flora via fair hygiene conditions and poor manufacturing practices that might contribute to heavy spoilage and biogenic amines production. In addition, Lactobacillus curvatus was identified as a specific spoilage organism in cold-smoked salmon, probably with a spoilage domain different from P. phosphoreum (Jorgensen et al., 2000a; Dalgaard et al., 2008) . In addition to tyramine and histamine production, some strains displayed proteolytic activity that may contribute to the production of biogenic amines, due to the availability of proteins and amino acids in fish muscle. In our study the results were positive for the presence of the two bacterial strains, Serratia liquefaciens/Serratia marcescens.Data demonstrated that some samples before the expiry date were microbiologically unsatisfactory, presenting high microbial numbers for aerobic plate counts or presenting high numbers of the Enterobacteriaceae group, indicating poor microbiological quality. Further, a high percentage of tyramine-producing bacteria and some histamine producers suggested that the microbial characteristics of samples were not homogeneous within a producer (and batch), which implies that improvements to standardize methods and procedures in cold-smoked fish production need be considered, as well as procedures monitoring the hygiene and storage conditions at distribution and retail level.
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